Climate models show that most of the anthropogenic heat due to increased atmospheric CO 2 enters the Southern Ocean near 60 o S and is stored around 45 o S. This heat is transported to the ocean interior by the meridional overturning circulation (MOC) with wind changes playing an important role in the process. To isolate and quantify the latter effect, we apply an overriding technique to a climate model and decompose the total ocean response to CO 2 increase into two major components: one due to wind changes and the other due to direct CO 2 effect. We find that the poleward-intensified zonal surface winds tend to shift and strengthen the ocean Deacon Cell and hence the residual MOC, leading to anomalous divergence of ocean meridional heat transport around 60 o S coupled to a surface heat flux increase. In contrast, at 45 o S we see anomalous convergence of ocean heat transport and heat loss at the surface. As a result, the wind-induced ocean heat storage (OHS) peaks at 46 o S at a rate of 0.07 ZJ/year (1ZJ = 10 21 joules) in unit degree of latitude, contributing 20% to the total OHS maximum. The direct CO 2 effect, on the other hand, very slightly alters the residual MOC but primarily warms the ocean. It induces a small but non-negligible change in eddy heat transport and causes OHS to peak at 42 o S at a rate of 0.30 ZJ/year in unit latitudinal degree that accounts for 80% of the OHS maximum. We also find that the eddy-induced MOC weakens, which is primarily caused by a buoyancy flux change due to the direct CO 2 effect, and does not compensate the intensified Deacon Cell.
Introduction

36
Observations reveal a pronounced subsurface warming in the Southern Ocean during the past 37 few decades [e.g., Gille (2002) 
87
To isolate the effects of wind change on the Southern Ocean MOC and heat uptake, and hence is essential to consider such feedbacks when examining ocean heat uptake.
100
In this study, we employ an overriding technique [Lu and Zhao (2012) interactive with the ocean. This allows us to estimate the wind-induced feedback along with the 107 direct CO 2 effect and quantify its contribution to the Southern Ocean heat uptake and redistribution 108 through a consistent heat budget analysis.
109
The structure of the paper is as follows. In Section 2, we introduce the models, experiments and 110 metrics used in this study, with a particular emphasis on the overriding technique. We present the 111 main results in Section 3, and the paper's conclusion and discussion in Section 4. We use the Community Earth System Model (CESM) (Hurrell et al. 2013 ), version 1.0.5 from The baseline runs of this study are a preindustrial control run (CT RL) and a quadruple CO 2 run 151 (4×CO 2 ), which are identical to the piControl and abrupt 4×CO 2 simulations by CMIP5 models.
152
Here, we rename these two CESM runs for the convenience of discussion. CT RL is taken from (daily for the case of CESM1-CAM5) and will be referred to respectively as var1x and var4x, in 165 which var is the overriding variable. In the paper, we consider three variables: wind stress (τ), 166 wind speed (w) and CO 2 (c) because winds can affect surface heat uptake and interior ocean heat The zonally integrated full-depth oceanic heat budget is
where ρ 0 is seawater density, C p is the specific heat of sea water, θ is potential temperature of sea Based on Eq. (4), we define the rate of integrated OHC as ocean heat storage, i.e.,
and ocean heat uptake as
and meridional ocean heat transport as
where
Eq. (7) shows that meridional ocean heat transport (OHT ) can be in-
217
duced by Eulerian-mean flow (OHT ), eddies (OHT * ) and diffusion (OHT d ). Therefore, the heat 218 budget by Eq. (4) can be written as
which indicates that ocean heat storage is determined by heat uptake from atmosphere-ocean in-220 terface and heat retribution by ocean circulation via meridional gradient of ocean heat transport. We first examine the change of SHF and OHU over the Southern Ocean in response to quadru-224 pled CO 2 in CMIP5 models. We find that most heat enters the Southern Ocean over and slightly bands along the southern (northern) flank of the ACC (Fig. 1a) . This SHF change is due primarily 228 11 to the sensible and latent heat fluxes (Fig. 1c) that respond to changing air-sea temperature gra-229 dients (Frölicher et al. 2015) . To the south of the ACC, the atmosphere has warmed more rapidly 230 than the ocean surface such that less heat is lost from the ocean to the atmosphere. In the vicinity 231 of the ACC and north of it, the ocean surface has warmed more rapidly than the atmosphere, with 232 an oceanic heat loss.
233
Although heat is gained at the southern flank of the ACC (around 60 o S), the OHS change peaks 234 at around 45 o S (Fig. 2a) and is concentrated in the upper 1000 m (Fig. 2e) (Fig. 3a, c) , which intensifies and 241 shifts poleward the wind-driven Deacon Cell (Fig. 4a) . However, the eddy-induced MOC does not 242 correspondingly intensify to compensate for the variation in the Deacon Cell, but weakens instead 243 (Fig. 4c ). This eddy-induced MOC weakening, as will be shown in later sections, is primarily 244 caused by the surface buoyancy flux change due to the direct CO 2 effect rather than the wind 245 change. Over the Southern Ocean, changes in the wind-driven (ψ) and eddy-induced (ψ * ) MOCs 246 together result in a stronger and poleward shifted residual MOC (ψ res ) (Fig. 4e) .
247
To summarize, CMIP5 models show that the Southern Ocean primarily receives heat from atmo- only focus on the wind stress effect and the direct CO 2 effect in the following.
259
We start with comparing the wind and direct CO 2 effects on MOC response to quadrupled CO 2 .
260
The poleward intensified wind stress shifts the Deacon Cell (ψ) poleward (in W str) and strengthens
261
the cell by about 7 Sv (1 Sv = 10 6 m 3 /s) at its maximum (Fig. 5e ). The eddy-driven circulation (ψ * )
262
is enhanced due to increased isopycnal tilting and baroclinicity ( Fig. 6b) and partially offsets the 263 wind-driven Deacon Cell (Fig. 5f) . Consequently, the residual MOC (ψ res ) generally follows the 264 changes in the Deacon Cell, producing a poleward-intensified circulation (Fig. 5d) . On the other 265 hand, the direct CO 2 effect is of the secondary importance in modifying the residual MOC (Fig.   266 5g). It flattens the isopycnal slope (Fig. 6c) and weakens the eddy-induced component of the MOC
267
( Fig. 5i) . However, this reduction in the eddy component is compensated (or over-compensated 268 around 60 o S) by an decrease in the mean flow part (Fig. 5h) .
269
Unlike the MOC response, the direct CO 2 effect has a much larger contribution to temperature 270 response than the wind stress. Over the Southern Ocean, the total temperature response shows that 271 the surface layers warm by over 3 K, and the warming decays with depth (Fig. 7a) . The strongest suppress the signal at higher and lower latitudes (Fig. 7b) . This result is consistent with Fyfe et al.
279
(2007).
280
We further examine the wind and direct CO 2 effects in modifying OHT and its gradient. Consis-281 tent with the CMIP5 models (Fig. 8, gray curves ), CESM1-CAM5 shows an anomalous equator-
282
ward OHT (Fig. 8a, black (Fig. 8d, black curve) .
291
Using the overriding technique, we split the total OHT response into the wind-driven and direct (Fig. 8b, blue curve) . On the other hand, the direct CO 2 effect causes an anomalous 298 equatorward OHT in most regions of the Southern Ocean, with a peak at 43-58 o S (Fig. 8b, red   299 14 curve). Unlike its wind-driven counterpart, the direct CO 2 -induced OHT change is due to ocean 300 warming (Fig. 7c) tracer experiments is very similar to the wind-driven heat uptake (Fig. 9c) . Overall, comparing 329 the wind-driven, the direct CO 2 -induced and the total OHU, we find that (1) the wind-driven part 330 accounts for the total heat loss around 45 o S, and (2) the wind-driven and direct CO 2 -induced parts 331 explain about one third and two thirds of the total heat gain around 60 o S, respectively (Fig. 9b, d ,
332
and f, black curves).
333
Based on Eq. (8), we can close the heat budget and quantify the contributions of the wind-driven 334 and direct CO 2 -induced feedbacks to Southern Ocean heat uptake and storage. We first focus on 335 the heat budget in the total response where the maximum surface heat gain at around 60 o S (Fig.   336 10a, black curve) is balanced mostly by an anomalous OHT divergence (Fig. 10a, skyblue curve) . (Fig. 10a , orange-red curve) and the 342 CMIP5 models (Fig. 10a, orange curves) , although the OHU and OHT patterns are recognizably 343 different among these models (Fig. 10a) .
344
To further quantify the contributions from the wind-driven and direct CO 2 -induced processes,
345
we examine the heat budgets related to both processes. We find that the poleward-shifted and (Fig. 10b) . As a result, the wind-
349
driven OHS peaks at 46 o S at a rate of 0.07 ZJ/year/degree (degree in the unit denotes degree of 350 latitude) and contributes to about one fifth of the total OHS maximum (Fig. 10f, blue curve) .
351
When we compute the heat budget over the Southern Ocean (from the Antarctic coast to 34 o S
352
and from ocean surface to the bottom), we find that the wind-driven OHU is -0.9 ZJ/year, which 353 means that the poleward-shifted, intensified winds act to release heat from ocean to atmosphere.
354
At the same time, the wind changes induce an anomalous OHT of -1.9 ZJ/year across 34 o S by 
358
On the other hand, the direct CO 2 -induced warming brings about an anomalous OHT divergence
359
and a maximum heat gain at 60 o S (Fig. 10d ). This combination leads to an OHS peaking at 42 o S 360 at a rate of 0.30 ZJ/year/degree, which yields about four fifths of the total OHS maximum ( is located about 4 degrees south of the peak of the direct CO 2 -induced OHS (Fig. 10f) 
387
Another interesting result of our study is the weakening of the eddy-induced MOC over the
388
Southern Ocean in response to quadrupled CO 2 (Fig. 4c-d) . In both CESM1-CAM5 and CMIP5 389 models, the eddy-induced MOC weakens when Southern Hemisphere westerly winds strengthen 390 and shift poleward. Based on the CESM1-CAM5 overriding experiments, we find that the weak-391 ening of the eddy-induced MOC is primarily caused by the direct CO 2 effect. Two processes 392 compete under quadrupled CO 2 . On the one hand, the poleward-intensified winds enhance isopy-393 ncal tilting (Fig. 6b) and increase the eddy-induced MOC by 1 Sv (Fig. 5f ). On the other hand,
394
the direct CO 2 -induced buoyancy change suppresses isopyncal tilting (Fig. 6b) and decreases the 395 eddy-induced MOC by 2 Sv (Fig. 5f ), which overshadows the former effect, manifesting in a 396 weaker eddy-induced MOC.
397
Our heat budget analyses on CESM1-CAM5 and CMIP5 models reveal that both mean flow 
405
We use a quadrupled CO 2 forcing in this study for purpose of large signal-to-noise ratio and a
406
clean single-factor view of future warming climate. In the real world, many other factors such 407 as ozone variations, can also play a role in Southern Ocean heat uptake and redistribution. As temperature gradients would affect only the remaining 20% of OHS due to wind-induced changes.
425
In this study, we do not discuss the effect of sea ice on Southern Ocean heat uptake and redistri- CMIP5 models (Fig. 2e) but not in CESM1-CAM5 (Fig. 2f) . In CESM1-CAM5, the warming is 432 limited to the upper 1000m close to the coast of Antarctica. Exploring the sea ice effect will be 433 important in our future work. 
Wind stress e f f ect (W str)
LIST OF FIGURES 
656
The preindustrial potential density referenced to the surface σ 0 (white contours, contouring 
